The Fukushima accident of March 2011 had great political, economic, and social impacts on Japan and marked a very important turning point in Japan's energy policy. As the accident has also greatly exposed the vulnerability of Japan's energy security, it is crucial to clarify the path that Japan should take to maintain and secure its energy security in case of any possible future outbreak that may threaten its energy security. For this purpose, we conducted a comprehensive and structural analysis of Japan's energy security based on APERC's 4As framework and by using fuzzy logic and the Fuzzy-DEMATEL method to quantitatively understand the performance of Japan's energy security and how the Fukushima accident had impacted the performance. Our results demonstrate that Japan's energy security has clearly degraded after experiencing Fukushima accident. In addition, the results of the structural analysis by the Fuzzy-DEMATEL method show that the most salient dimension in the 4As framework for improving Japan's energy security is the "Availability" dimension, and for this purpose nuclear energy and renewables play very important roles in securing the future energy security in Japan; this is consistent with the current energy policy measures announced in the Strategic Energy Plan of 2014.
Introduction
The accident at the Fukushima Daiichi nuclear power station (Fukushima accident) that occurred in the wake of the devastating earthquake and tsunami in March 2011 has caused unprecedented catastrophic damage to life, society, and economy in Japan and become a serious event in terms of energy security. Large population was forced to move away from the affected area by the accident, and energy supply systems and infrastructures were also severely damaged. Because of the shutdown of the Fukushima nuclear power plant and subsequent closures of all other nuclear power plants across Japan, the share of nuclear power in domestic electricity supply dropped from 31.2% in February 2011 to zero in May 2012 [1] .
Fukushima accident was a significantly important event that not only revealed the vulnerability of Japan's energy security but also made us realize again the importance of energy security. After Fukushima accident, the consumption of fossil fuels, especially LNG, has greatly increased in Japan to compensate the loss of electricity supply from nuclear energy, which caused a significant increase of imported fuel cost. In fact, Japan's import payment for LNG was 5.4 trillion yen in FY2011, an increase of 52% from FY2010. In addition, together with the increase of import payments for other fossil fuels, Japan's trade deficit had greatly expanded and reached the highest deficit of 13.8 trillion yen in FY2013 which is a substantial outflow of Japan's national wealth. The increase of imported fuel cost resulted in higher costs for power generation, and electric companies subsequently increased their power rate one after another, which severely influenced households and industries.
The increase of LNG and oil use in power generation also caused the sharp decline of energy self-sufficiency of Japan. As for LNG, imports from Qatar greatly increased in 2011, an increase of 55.4% from the previous year, which means the Japan's import-dependence on Middle East has significantly increased [2, 3] . It is also important to note that 2 Journal of Energy people's distrust of nuclear safety and management system greatly expanded due to Fukushima accident, which caused the general acceptability of nuclear energy to greatly decline. It can be said that the situation surrounding nuclear energy has reached the worst in Japan's history [4] . As a result of the Fukushima accident, the so-called "safety myth" surrounding nuclear energy has collapsed, and the Japanese government was forced to reconsider its energy policy and to change the institutional structure of nuclear safety regulation.
In this respect, as well as the two oil crises in the 1970s, Fukushima accident marked a very important turning point in Japan's energy policy. Therefore it is crucial to clarify the path that Japan should take to maintain and secure its energy security in case of any possible future outbreak that may threaten its energy security. For this purpose, it is essential to quantitatively analyze the impact of Fukushima accident to Japan's energy security and to clarify the factors that may serve for the improvement of future energy security.
However, several issues have been mentioned in the quantitative analysis of energy security. Energy security is a multifaceted concept, and because of its nature of ambiguity and complexity the quantification of energy security performance is not straightforward. Several evaluation methods for energy security have been suggested so far, but a concrete methodology has not been established yet [5, 6] . Many researchers have independently developed multidimensional metrics or indicators and determined an evaluation method to quantify and evaluate energy security. However, in most cases, there is a high degree of subjectivity in selecting the indicators, constructing indices, and determining weightings. Also, various factors that are impossible or hard to quantitatively evaluate have been often left out in the conventional approach toward performance evaluation of energy security based on indicators.
In order to solve these issues, fuzzy logic has recently been adopted as a method to handle nonquantitative factors and the ambiguity, but most studies using fuzzy logic for energy security analysis focus only on either a limited dimension of energy security, a particular sector, or a specific technology [7, 8] . There also have been many studies that introduced fuzzy logic to energy sector [9] [10] [11] [12] , but no comprehensive analysis of energy security using fuzzy logic has been published so far.
Another issue is the lack of structural analysis of energy security. Many studies have conducted a quantitative evaluation of energy security by using multidimensional metrics or indicators, but the mutual influences and complex interaction among the dimensions or indicators of energy security have been rarely taken into account or often been ignored [13] . Considering the complex and multifaceted characteristic of energy security, it is important for the quantitative analysis of energy security to also structurally analyze the complex interactions within the components comprising the energy security.
Based on the issues described above, this study focuses on the quantitative analysis of Japan's energy security to establish the quantitative evaluation method for comprehensive and structural analysis of energy security based on fuzzy logic and to clarify the path that Japan should take to secure its energy security in case of future outbreak of anything which may threaten Japan's energy security. The research methods adopted in this study are summarized in Section 2, where the concepts and frameworks of energy security proposed so far, the characteristics of fuzzy logic as the analysis methodology, and the reasons for choosing indicators and analytical procedure of quantitative analysis of energy security are described. Section 3 describes the results of quantitative analysis of Japan's energy security and discusses the impact of Fukushima accident on Japan's energy security as well as mutual influences among dimensions or indicators of energy security. The conclusion of this study is summarized in Section 4.
Research Methods

Concepts and Framework of Energy Security.
Energy security has been one of the most important issues of any governments all over the world, particularly since the two oil crises in the 1970s. However, unlike in the 1970s when the focus of energy security was mainly on affordability and security of oil supplies, the current focus could be rather multidimensional [2] . For example, in the 21th century, as the concern related to environmental problems and social satisfactions have grown, such factors have been added to the concept of energy security. Thus, the concept and definitions of energy security have widened over time [5, 14] . Although many studies on energy security can be found in academic publications and government reports, there is no consensus on widely accepted definition of energy security [6] .
Such multidimensional aspect of energy security shows that energy security is a complex issue that a holistic approach is necessary to capture its complexity to analyze the performance of a country's energy security [15] . As the holistic approach, several conceptual frameworks of energy security have been used so far [16] [17] [18] . Among these conceptual frameworks, we use the "4As" framework introduced by the Asia Pacific Energy Research Centre [19] to quantitatively analyze Japan's energy security in this study. This framework is a frequently used framework of contemporary energy security studies as it is considered to be capable of reflecting the complexity of energy security in a broad manner [20] . The four dimensions in this framework (Availability, Accessibility, Affordability, and Acceptability) are defined in this study as follows: Availability as "having stably sufficient supplies of energy", Accessibility as "being able to have access to energy resources," Affordability as "providing energy services that are equitable, affordable for consumers," and Acceptability as "minimizing harmful influence on and being accepted by the natural environment and regional communities."
Selection of Indicators Incorporated in the 4As
Framework. Table 1 presents the selected indicators composing energy security in this study. As this study aims to analyze the change of Japan's energy security after experiencing Fukushima accident and to identify the key factors for future energy security in Japan, we chose 20 indicators (five indicators in each dimension) that would be of significance for recent energy security of Japan and closely relate to nuclear energy use referring to previous studies and publications. The detailed Journal of Energy Radioactive waste (AP3) Supporting ratio for nuclear energy (AP4)
Voice and accountability (AP5) discussion on individual indicators is given in the following sections. Indicators that cannot always be quantified by certain metrics were also included; these factors have been often ignored in previous energy security studies due to their difficulty of quantification, but they are considered to be crucial in this study to describe the complexity and ambiguity of energy security and will be handled using the fuzzy logic as described in Section 2.3.
Availability Indicators.
In this study, the "Availability" dimension consists of following indicators that relate to the ability of a country to supply enough energy to meet its domestic energy demand.
(i) Self-sufficiency (AV1): this indicator represents energy that can be secured inside a country of total consumed primary energy in a country and reflects the resilience to the interruption of imported energy. this indicator reflects the diversity of energy sources used for energy supply. Especially in a resource poor country such as Japan, it is a very important factor for the Availability dimension. (iv) TPES (AV4): this indicator measures the necessary primary energy in meeting national energy demand and may reflect the energy reduction or the energy efficiency.
(v) Total electricity generation capacity (AV5): this indicator reflects the adequacy of electricity generation capacity in meeting national electricity demand.
Accessibility Indicators.
The "Accessibility" dimension refers to indicators that relate to the ability of a country to secure energy sources both inside and outside country.
(i) Dependency on Middle East oil (AS1): this indicator is commonly used to measure the security level of a country's energy supply. Especially in Japan, this have been one of the most important factors concerning energy security.
(ii) The effort to promote renewable energies (AS2): this indicator reflects the degree to which a country makes efforts to introduce renewable energies.
(iii) The effort to promote independently developed energy resources (AS3): this indicator reflects the degree to which a country makes efforts to develop nonconventional resources and acquires interests of Japanese companies in foreign fields of energy resources.
(iv) Human resources for nuclear energy (AS4): this indicator represents the human resource development and the number of human resources that are necessary for continuous development of nuclear industries. The issues about human resources for nuclear energy have been concerned since Fukushima accident; therefore this indicator is considered to be important for the Accessibility dimension.
(v) The difficulty in operating nuclear power station (AS5): this indicator can be measured by the several obstacles that a country or an electric company must overcome to operate a nuclear power station. It can be said that this indicator is the most closely related to nuclear energy use; therefore it is essential for the Accessibility dimension.
Affordability Indicators.
The "Affordability" dimension consists of the following indicators that relate to energy prices for households and industries and reflect the economic activities and the energy situations in Japan.
(i) Fuel cost of electric companies (AF1): this indicator represents the degree to which it costs electric companies to import fuels for electricity generation and reflects the dependency on imported fuels.
(ii) Electricity price (AF2): this indicator reflects the burden on households and industries to use electricity.
(iii) Market price of LNG (AF3): this indicator reflects the change of the energy situation in global market of LNG. Especially in Japan, where most of LNG are imported from foreign countries, it directly influences the Japanese economy.
(iv) Trade balance (AF4): this indicator reflects the economic condition and the energy situation of Japan, which is directly influenced by energy trade.
(v) Economic growth ratio (AF5): this indicator reflects the condition of domestic economic activities, which is influenced by the change of the energy situation.
Acceptability Indicators.
In this study, the "Acceptability" dimension consists of indicators that relate to the environmental and social concern resulted from energy production and consumption.
(i) Consumption of fossil fuels (AP1): this indicator directly relates to CO2 emission, which negatively affects the global environment, and also reflects the energy mix in a given country.
(ii) CO2 emission from energy sources (AP2): this indicator is commonly used to measure the global environmental impact resulted from energy use; therefore it is an essential factor in the Acceptability dimension.
(iii) Radioactive waste (AP3): this indicator reflects the degree to which a country makes efforts to dispose radioactive wastes without negatively affecting the natural environment and human health. The circumstances surrounding the radioactive waste disposal have been greatly influenced by Fukushima accident; therefore this indicator is essential for the Acceptability dimension.
(iv) Supporting ratio for nuclear energy (AP4): this indicator reflects public opinions or attitudes toward nuclear energy. After Fukushima accident, this is considered to be one of the most important indicators concerning the Acceptability dimension in Japan. (v) Voice and accountability (AP5): this indicator is one of the World Governance Indicators [21] and in this study reflects the degree to which a country's citizens are able to participate in the government and the government fulfills its accountability.
Analytical Procedure
Fuzzy Logic as a Tool for Energy Security Evaluation.
Fuzzy logic, which was first proposed and established by Zadeh [22, 23] , is a powerful tool to quantitatively analyze and evaluate various types of problems including the ambiguity such as human activities or perceptions. Fuzzy logic could be considered as a departure from classical two-valued sets and logic (e.g., "true" or "false") and uses "soft" linguistic (e.g., "large," "hot," and "tall") system variables and a continuous range of truth values in the interval [0, 1], rather than strict binary decisions and assignments [9] . We have adopted the fuzzy logic analysis to quantitative evaluation of energy security in this study to express the ambiguity included in the indicators or weightings by using linguistic values and to evaluate factors that are difficult to be quantified.
Quantitative Analysis of Japan's Energy Security before and after Fukushima Accident.
In order to quantitatively analyze the change of Japan's energy security after experiencing Fukushima accident, the time window for the analysis of Japan's energy security performance was determined to be from FY2008 to FY2013. 12 linguistic values (fuzzy numbers) that are defined by the membership functions were used for fuzzy logic analysis. These linguistic values are expressed by main five linguistic values (Very Low (VL), Low (L), Medium (M), High (H), and Very High (VH)) as shown in Figure 1 . Table 2 represents the 12 linguistic values used for measuring Japan's energy security in this study. Membership functions can be described in several manners such as triangle, trapezoid, or Gaussian distribution, but as it has been reported that the difference of shape of membership function can hardly influence the final result [24] , the triangular membership function is adopted in this study. Table 3 . In this study, for simplicity, weightings of each indicator are treated as equal.
Then, we quantified each dimension of 4As framework based on the principle of fuzzy reasoning. The methodology for the quantification is based on the studies of nuclear fuel cycle proliferation resistance evaluation by using fuzzy logic [24, 25] and will be described briefly as follows.
Fuzzy numbers of each indicator are combined to obtain a fuzzy number of a given dimensioñ= {̃|̃(̃)} for a given year . Calculation of̃is based on the following:
wherẽis the fuzzy number of the indicator for the year ,̃is the weighting of the indicator for a given dimension (in this studỹ= 1), and̃(̃) is the membership function of each indicator. The calculation process to combine fuzzy numbers of indicators uses the following procedures based on random sampling technique;
Step 1 (initialization). Assigñ(̃) = 0 for 0 ≤̃≤ 1.
Step 2. Randomly pick up groups̃and̃(̃) for all indicators ( = 1, 2, . . . , ); then calculate the membership function of this group based on (3) and̃for (group) based on (1) (minimum membership is used because the logical relationship of the effectiveness among all indicators within each dimension is an "AND" operation):
Step 3. Using (group) calculated in Step 2, set̃(̃) based on (4) (maximum membership is used because the logical relationship of the indicator effectiveness among all groups reaching point̃among the collected samples is an "OR" operation):̃(̃)
Step 4. Repeat Steps 1 to 3 until the range of̃is fully covered.
Step 5. Defuzzify the fuzzy result using (5) of a given dimension. This function yields the centroid value of a fuzzy number and is called a crisp value of a fuzzy number:
The energy security index for a given dimension is defined as this crisp value.
Step 6.
Integrate crisp values of all four dimensions to obtain the overall energy security index.
Structural Analysis of Japan's Energy Security.
In order to identify the key factors for Japan's energy security, we conducted the structural analysis of energy security by utilizing the Fuzzy-DEMATEL (Fuzzy Decision-Making Trial Evaluation Laboratory) method. The DEMATEL method, which was first introduced by The Battelle Memorial Institute through its Geneva Research Centre in 1973 [26] , is a method for building and analyzing a structural model for understanding the cause-effect relationship among complex criteria by visualizing the complicated structure of a system and separating the criteria into the cause and effect group. The DEMATEL method is useful to quantitatively analyze the direct influences among factors composing in problem and their strengths in the problem where the components and their relationships are so complex and unclear that the problem is impossible to analyze in a conventional manner. The Fuzzy-DEMATEL method combines fuzzy logic and the DEMATEL method to take into consideration the vagueness of human decision or judgement in the problem [27] . There are numbers of studies utilizing the Fuzzy-DEMATEL method for a wide variety of system analyses [28] [29] [30] [31] , but there is very limited study published on structural analysis of energy security [13] . In this study, the Fuzzy-DEMATEL method is adopted to quantitatively identify the cause-effect relationships among dimensions and indicators of Japan's energy security to determine the energy security strategies. The Fuzzy-DEMATEL analysis was performed for among four dimensions of 4As (Case 1), among five indicators in each dimension (Case 2), and among all indicators in energy security (Case 3). Direct-influenced relationships among factors were evaluated by using five linguistic values, which consist of "No influence" (N), "Very Low influence" (VL), "Low influence" (L), "High influence" (H), and "Very High influence" (VH) defined by the membership functions shown in Figure 2 . Table 4 represents five linguistic values used for the Fuzzy-DEMATEL analysis in this study.
First, we subjectively evaluated the direct-influenced relationships among the factors by using five linguistic values 
based on quantitative data and qualitative analysis. The results of linguistic value assignments are shown in Tables 5-9 . The direct-influenced relation matrix for Case 3 (among all indicators of energy security) will not be represented for simplicity. The Fuzzy-DEMATEL analysis is performed using the procedures described in Appendix. is shown in Figures 3 and 4 , respectively. Until the Fukushima accident in 2011, a gentle upward trend in Japan's energy security is observed, but after 2011 the energy security clearly turned to decline. The energy security index dropped in 2011, down 25% from the previous year, suggesting that Fukushima accident negatively affected Japan's energy security. In 2013, slight improvement of energy security could be observed, but it still remains below the level before Fukushima accident. It is likely that this upward trend after 2012 has resulted from the change of government's measures to deal with Fukushima accident; immediately after the accident, the Japanese government took short-term measures such as electricity saving or carrying out planned blackouts to cope with the sudden disruption of electricity supply. However, Table 7 : Direct-influenced relation matrix using linguistic values for Accessibility (Case 2). since 2012, when social dislocation caused by Fukushima accident gradually began to recover, the government has been able to take medium-or long-term measures such as establishment of relevant institutions and enhancement of regulations to secure and improve energy security. Therefore, it can be said that Japan's effort after Fukushima accident to secure energy security has been successful to a certain extent. In respect to each dimension of 4As, it is found that the each dimension has changed in different manners as shown in Figure 4 . In the Availability dimension, there are almost no fluctuations. The ratio of self-sufficiency (AV1) greatly dropped due to the consecutive shutdown of nuclear power plants, whereas other indicators such as share of renewables in total electricity supply (AV3) or TPES (AV4) have improved. Therefore as a whole, the Availability dimension has not greatly changed after Fukushima accident, which indicates that although Fukushima accident caused the concern over supply disruption after the nuclear accident, it had not seriously affected Japan's energy security in terms of energy availability. In the Accessibility dimension, there are also no significant changes before and after Fukushima accident. Immediately after Fukushima accident the level of Accessibility temporarily dropped, but it recovered in 2012. This is due to the government's actions toward establishment of relevant institutions and enhancement of regulations which aimed to improve energy use or access, and it can be said that from this result the government's effort to secure energy security was successful.
Results and Discussions
Japan's Energy
Accessibility
On the other hand, in contrast with the aforementioned dimensions, the Affordability and Acceptability dimensions declined significantly after Fukushima accident, which implies that the change of Japan's energy structure caused by the stoppage of nuclear power plants had a significant impact on both dimensions. After Fukushima accident, share of nuclear energy in primary energy supply has greatly decreased and subsequently the consumption of fossil fuels has increased, which caused a serious impact on costs for energy use, environmental concerns, and economic activities. These results indicate that Fukushima accident had much bigger impacts on economic, environmental, and social aspects than on aspects of supply stability of energy and access to energy sources.
Structural Analysis of Japan's Energy Security.
The results of structural analysis of energy security by the Fuzzy-DEMATEL method are shown in Tables 10-15 . Here, the total-influenced relation matrix includes both direct and indirect effects among factors. The cause-effect relationship diagram is given by mapping the dataset ( + , − ) as shown in Figures 5-10 . In these diagrams, the horizontal axis, + , represents the importance of the indicators, whereas the vertical axis, − , represents the influence of the indicators; the upper half domain (positive − ) is called the cause group and the lower half domain (negative − ) is called the effect group. The grouping of indicators into cause/effect group in the studied system based on the cause-effect relationship diagram is effective in finding out the components which are more influential to the system. Table 10 and Figure 5 show the result of Fuzzy-DEMATEL analysis for 4As of energy security. The Availability and Accessibility dimensions are categorized as a cause group according to positive values of − , and the Affordability and Acceptability dimensions are categorized as an effect group according to the negative value of − . The values of (the degree to which the factor is influenced by other factors) are of the same degree in four dimensions, but, as for the value of (the degree to which the factor influences other factors), the Availability dimension shows the highest value. Both the importance ( + ) and influence ( − ) values of the Availability dimension are also the highest of four dimensions. It is true that although, to varying degree, all dimensions of 4As has mutual influence, it is necessary to establish a comprehensive energy strategy which could cover all dimensions for the improvement of overall energy security. However, our results suggest that the reinforcement of the Availability dimension is the most effective measure to secure and improve Japan's energy security.
Structural Analysis of Four Dimensions of 4As (Case 1).
Structural Analysis of Five Indicators of Each Dimension (Case 2).
The results of the structural analysis of the indicators of each dimension of energy security are shown in (i) Availability ( Figure 6 and Table 11 ): important and influential factors in the Availability dimension are share of renewables in total electricity supply (AV3) and TPES (AV4) belonging to the cause group, which indicates that the most effective strategy for the improvement of the Availability dimension is to promote the introduction of renewable energies while preventing the increase of TPES. The − value of self-sufficiency (AV1) is outstandingly low, suggesting that self-sufficiency is the most sensitively influenced by other factors within the Availability dimension and reflects the condition of the Availability dimension in Japan's energy security.
(ii) Accessibility (Table 12 and Figure 7 ): the most influential factor within the Accessibility dimension is the difficulty in operating nuclear power station (AS5). This suggests that the effort to restart nuclear energy is much more effective than promoting introduction of renewables and independently developed energy sources in order to improve the Accessibility dimension. Although dependency on Middle East oil (AS1) is categorized as an effect factor, its + value is the highest; therefore it can be said that this factor is one of priorities the Japanese government should deal with.
(iii) Affordability (Table 13 and Figure 8 ): the market price of LNG (AF3) is the most influential factor within the Affordability dimension according to its high − value. This result suggests that due to the high importdependency of Japan the Affordability dimension of Japan's energy security is highly sensitive to energy prices.
(iv) Acceptability (Table 14 and Figure 9 ): the radioactive waste (AP3) is both important and influential factor within the Acceptability dimension, which indicates that the most crucial issue for the improvement of Acceptability dimension is to accelerate several approaches to solve the problems concerning radioactive wastes such as final disposal of high level wastes or nuclear fuel cycle. Consumption of fossil fuels (AP1) and CO2 emission from energy sources (AP2) are very influential factors, but their importance values are low within the Acceptability dimension. This result indicates that reduction of fossil fuel consumption and CO2 emissions currently do not have significant priority for Japan in terms of energy security. Table 15 and Figure 10 show the result of Fuzzy-DEMATEL analysis for all indicators of energy security. In this paper, total-influenced relation matrix for all indicators will not be represented for simplicity. The most influential factor in overall energy security is the difficulty in operating nuclear power station (AS5), followed by share of renewables in total electricity supply (AV3) and the effort to promote renewable energies (AS2). Supporting ratio for nuclear energy (AP4) is categorized as an effect group among both acceptability and overall energy security, but in both cases it has a significantly high importance. This result indicates that supporting ratio for nuclear energy, which has priority in Japan's energy policy, may not necessarily contribute to the improvement of energy security. On the whole, the result of Fuzzy-DEMATEL analysis in this study confirms the current energy policy strategy in which nuclear energy and renewable energies play important roles for future energy security in Japan.
Structural Analysis of the Indicators of Energy Security (Case 3).
On the other hand, the effort to promote renewable energies (AS2) is an effect factor and do not have a high importance among indicators within the Accessibility dimension (Case 2), but it is both an influential and important factor among all indicators of energy security (Case 3). Similarly, the importance of consumption of fossil fuels (AP1) is not high among indicators within the Acceptability dimension (Case 2), but it is the highest among all indicators of energy security (Case 3).
These results show that the importance and the influence of the individual factor may vary depending on the focused scale of discussion, that is, within a certain dimension of the energy policy or the energy security as a whole. This implies that the measures to improve a certain dimension of the energy security may not necessarily contribute to the improvement of overall energy security due to tradeoffs among factors composing energy security. As energy security consists of various factors, and they belong to various dimension of energy security and interact with each other in both positive and negative manners, careful considerations are required to establish the policy measures that may lead to improvement of all dimensions of energy security. As mentioned by Sovacool and Saunders [32] , complete elimination of the tradeoffs among factors composing energy security is impossible. Therefore it is essential for policymakers to understand that no single policy measure can meet all dimensions of energy security and to establish the policy measure after clarifying the prioritized dimension of energy security of the country. In addition, it is important to design the overall strategy to minimize and manage energy security tradeoffs when establishing the policy measures.
Conclusion
This study conducted the quantitative analysis of Japan's energy security based on APERC's 4As framework and using fuzzy logic in order to clarify the path Japan should take to maintain and secure its energy security. According to our results, Japan's energy security clearly turned to decline after experiencing Fukushima accident; however, an upward trend after 2012 could be observed due to the change of government's measures to deal with Fukushima accident. In respect to each dimension of 4As, it is found that different dimensions have been affected in different manners. There was no remarkable fluctuation from 2008 to 2013 in the Availability and Accessibility dimensions, whereas the Affordability and Acceptability dimensions were negatively influenced by the change of Japan's energy structure resulting from Fukushima accident. This confirms that Fukushima accident had big impacts on Japan in economic, environmental, and social aspects. The structural analysis using the Fuzzy-DEMATEL method shows that the Availability dimension is the most important and influential dimension in energy security, and nuclear energy and renewables are expected to play important roles for future energy security in Japan. These results could be interpreted to energy policy measures such that the reinforcement of Availability dimension and dealing with the problems concerning nuclear energy and renewables would be the optimum pathway to secure and improve future energy security in Japan. Also, as the importance and the influence of the individual factor may vary depending on the focused scale, policymakers should clarify the prioritized dimension of energy security and design a comprehensive energy strategy that may contribute toward minimizing tradeoffs among factors of energy security.
This study presented the nonconventional method for quantitatively evaluating energy security using the fuzzy logic methodology. Although the fuzzy logic is a useful tool for handling the system such as energy security, it should be noted that certain limitations are associated with the methodology itself. The result may depend on the assignment of linguistic values of indicators, which in some cases the assignment has to be done in a subjective manner and thus ambiguity included in subjective assignment of linguistic values cannot be completely eliminated. Therefore care should be taken when assigning linguistic values to indicators. As for the analysis of energy security, we need to utilize available data and information concerning indicators and to qualitatively analyze the overall energy situation which may influence the indicators, including the establishment of relevant institutions and systems, enhancement of regulations, and the government's intent, as thoroughly as possible. The issue is also true for evaluating directinfluenced relationships among factors by using linguistic values in the Fuzzy-DEMATEL analysis. The results of Fuzzy-DEMATEL analysis should also be carefully interpreted, as the results are for direct influences and magnitudes among factors composing the system and the distinction between positive and negative interactions are not given.
Despite the limitations associated with the use of fuzzy logic discussed above, the methodology presented in this study could be extended with expanded and/or modified indicators composing energy security and be applied to quantitative analysis of energy security in other countries or regions.
Step 1. Transform linguistic values in Tables 5-9 into triangular fuzzy numbers according to wherẽis the degree to which the factor affects the factor ( , = 1, 2, . . . , ) and , , represent thecoordinates at the left edge, the apex, and the right edge of the triangular fuzzy number, respectively.
Step 2. Calculate the normalized direct-influenced relation matrix̃based on where , , represent the normalized directinfluenced relation matrix for the left edge, the apex, and the right edge of the triangular fuzzy number, respectively.
Step 4. Calculate the sum of rows and the sum of columns, which are separately denoted as , for the left edge, the apex, and the right edge of the triangular fuzzy number, respectively. Then, obtain the set of̃and̃( , = 1, 2, . . . , ), which represents the influence degree and the influenced degree, respectively, based oñ
(A.5)
Step 5. Calculatẽ−̃and̃+̃( , = 1, 2, . . . , ), which represents the degree to which the factor influences other factors and the degree of importance which the factor has in the studied system, respectively.
Step 6. Defuzzify the total-influenced relation matrix̃, namely, the influence degreẽand the influenced degreẽof each factor, the magnitude of influencẽ−̃, and the degree of importancẽ+̃to obtain the respective crisp values, , , + , and − .
The CFCS (Converting Fuzzy data into Crisp Scores) method proposed by Opricovic and Tzeng [33] is utilized for defuzzification process in this study. The CFCS method can distinguish between two fuzzy numbers which have the same crisp value but have different shapes and therefore give a better crisp value than the centroid method. The defuzzication process is as follows [27] .
Step 1. Set the fuzzy numbers̃, which is the degree to which the factor affects the factor ( , = 1, 2, . . . , ) based on (A.6). , , represent the -coordinates at the left edge, the apex, and the right edge of the triangular fuzzy number, respectively:̃= ( , , ) .
(A.6)
Then calculate the maximum value of the right edge max , the minimum value of the left edge min , and the difference of them Δ Step 3. 
